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Summary
Neural progenitors in the adult dentate gyrus continu-
ously produce new functional granule cells. Here we
used whole-cell patch-clamp recordings to explore
whether a pathological environment influences synap-
tic properties of new granule cells labeled with a GFP-
retroviral vector. Rats were exposed to a physiological
stimulus, i.e., running, or a brain insult, i.e., status epi-
lepticus, which gave rise to neuronal death, inflamma-
tion, and chronic seizures. Granule cells formed after
these stimuli exhibited similar intrinsic membrane
properties. However, the new neurons born into the
pathological environment differed with respect to syn-
aptic drive and short-term plasticity of both excitatory
and inhibitory afferents. The new granule cells formed
in the epileptic brain exhibited functional connectivity
consistent with reduced excitability. We demonstrate
a high degree of plasticity in synaptic inputs to adult-
born new neurons, which could act to mitigate patho-
logical brain function.
Introduction
In the adult mammalian brain, neurogenesis occurs con-
tinuously from neural stem/progenitor cells located in
the dentate gyrus subgranular zone (SGZ) and the sub-
ventricular zone (SVZ) lining the lateral ventricles. The
formation of new granule cells in the SGZ and olfactory
bulb neurons in the SVZ is modulated by a large number
of physiological stimuli. Circumstantial evidence indi-
cates a role for hippocampal neurogenesis in learning
and memory and mood regulation, and a role for olfac-
*Correspondence: olle.lindvall@med.lu.se
5 These authors contributed equally to this work.tory bulb neurogenesis in olfactory discrimination and
memory (for references, see Abrous et al., 2005).
Pathological conditions influence several steps of
adult neurogenesis. Following stroke, progenitor prolif-
eration increases in the SVZ and newly formed neuro-
blasts migrate into the damaged striatum, where they
adopt the phenotype of medium spiny neurons (Arvids-
son et al., 2002; Parent et al., 2002). Status epilepticus
(SE) triggers increased SGZ cell proliferation (Parent
et al., 1997), and seizure-generated mature neurons
can survive for at least 6 months (Bonde et al., 2006).
Inflammation and microglia activation in the SGZ are
detrimental to the survival of new hippocampal neurons
during the early phase after their formation (Ekdahl et al.,
2003; Monje et al., 2003), but activated microglia can
probably also promote neurogenesis (Battista et al.,
2006).
Several approaches for identification of new neurons
have been used in combination with patch-clamp re-
cordings to determine their functional properties in the
intact brain. The new neurons have been visualized after
intracerebral injection of a retroviral vector carrying the
GFP gene (RV-GFP) (van Praag et al., 2002) or in trans-
genic mice expressing GFP in immature neurons (Over-
street et al., 2004), or they have been identified based on
their electrophysiological characteristics by determin-
ing input resistance (Schmidt-Hieber et al., 2004). In
the intact brain, new granule cells develop membrane
properties, action potentials (APs), and synaptic inputs
very similar to the rest of the granule cell population
(van Praag et al., 2002). In excitatory synapses on newly
generated, young dentate neurons, long-term potentia-
tion can be elicited more readily than in old neurons
(Schmidt-Hieber et al., 2004). New olfactory bulb neu-
rons also exhibit mature electrophysiological properties
and receive afferent synaptic inputs (Belluzzi et al., 2003;
Carleton et al., 2003).
Whether the properties of new neurons are altered if
they undergo differentiation in a pathological environ-
ment is unknown. This information is needed to assess
their suitability for cell replacement strategies, i.e., to as-
ses if the new neurons compromise or contribute to func-
tional recovery in the diseased brain. Following SE, new
granule cells migrate into the granule cell layer (GCL) or
ectopically into the dentate hilus and molecular layer
(Crespel et al., 2005; Parent et al., 1997, 2005). Intracellu-
lar recordings from aberrant hilar neurons in epileptic
rats indicate that they retain the intrinsic properties of
granule cells. They also exhibit abnormal burst firing
(Scharfman et al., 2000), suggesting involvement in the
epileptic condition. There is recent evidence that sei-
zures can accelerate the development of excitatory input
to immature dentate granule cells during the first 2 weeks
after their formation (Overstreet-Wadiche et al., 2006).
However, the functional characteristics of the epilepsy-
generated, new but mature granule cells in the GCL
have not been investigated.
Here we used whole-cell patch-clamp recordings to
determine how a pathological environment influences
the electrophysiological properties and functional
Neuron
1048Figure 1. Hippocampal Tissue Environment Differs after Status Epilepticus and Running
(A1) High-frequency ictal EEG activity during SE. (A2) Abnormal interictal spiking activity in absence of behavioral seizures at 1 week after SE. (A3)
High-frequency EEG activity during a spontaneous behavioral seizure at 4 weeks after SE. (A4) Lack of abnormal EEG activity at 1 week after
running. Scale bar in (A) = 2 s, 1 mV. Distribution of Fluoro-Jade-stained, degenerating neurons in dentate gyrus at 1 week after SE (B) or running
(C). Number and distribution of astrocytes (D–F) (S100b+ = green, GFAP+ = red) and microglia (H–J) (Iba1+ = red, depicts all microglia; ED1+ =
green, shows activated, phagocytic microglia) in SGZ/GCL at 1 week after SE or running. *p < 0.05, Student’s unpaired t test. Data in bar graphs
depict mean6 standard error of the mean (SEM). Confocal images of S100b+/GFAP+ (G) and Iba1+/ED1+ (K) cells. Orthogonal reconstructions
from confocal z-series as viewed in x-z (bottom) and y-z (right) plane. Scale bar = 110 mm (B–C, E–F, I–J), 19 mm (G and K).integration of new cells aged 5 to 6 weeks in the GCL.
New neurons were labeled via intrahippocampal injec-
tion of RV-GFP, and we compared those generated fol-
lowing voluntary running, i.e., a physiological stimulus,
with cells formed after SE, i.e., a brain insult.
Results
Hippocampal Damage, Inflammation, and Chronic
Seizures Characterize the Pathological Environment
Caused by Status Epilepticus
Microscopical analysis was performed at 1 week (when
RV-GFP was injected to label newborn neurons) and at 5
weeks (just prior to patch-clamp recordings) after SE or
running. Virtually all animals exhibited partial SE; fewer
than 5% of rats showed generalized SE (Mohapel
et al., 2004). Electroencephalographic (EEG) recordings
revealed high-frequency activity during SE (Figure 1A1),
abnormal, interictal spiking activity throughout the
observation period (Figure 1A2), and spontaneous be-
havioral seizures (Figure 1A3). Runners did not exhibit
seizures or abnormal EEG activity (Figure 1A4).
We observed neuronal degeneration in dentate hilus,
CA1, and CA3 using Fluoro-Jade staining at 1 (Figure 1B)
and 5 weeks after SE (Mohapel et al., 2004; Schmued
et al., 1997) but not after running (Figure 1C). There
were no differences in the numbers of S100b+/ GFAP+cells in SGZ/GCL between runners and SE animals (Fig-
ures 1D–1G). Microglia were present in the SGZ/GCL of
SE animals and runners (Figures 1H–1K). Both the total
number of microglia (Iba1+) and the number of acti-
vated, phagocytic microglia (Iba1+/ED1+), which gives
a measure of degree of inflammation, were higher at 1
week after SE than following running (Figures 1H–1K).
At 5 weeks, activated microglia in SE animals were
much fewer, their number being similar to that in runners
(Ekdahl et al., 2003).
Morphological and Membrane Properties of New
Cells Born into a Physiological or an Epileptic
Environment Are Characteristic of Dentate
Granule Cells
Whole-cell patch-clamp recordings were performed at
corresponding time points (between 4.5 and 6.2 weeks)
after intrahippocampal injection of RV-GFP in SE ani-
mals and runners. Recordings were made in the GCL
from GFP+ cells formed at the time of virus injection (re-
ferred to as ‘‘new cells’’), and from GFP2 cells most
likely born prior to SE and running (called ‘‘mature
cells’’). Retroviral GFP-labeling was similar in both
groups; we observed GFP+ cells with morphology typi-
cal of dentate granule cells (small soma, dendritic tree
extending into molecular layer) throughout the GCL
(Figure 2A). There were no differences between runners
Synaptic Properties of New Neurons
1049Figure 2. New Cells Born into a Physiological or an Epileptic Environment Exhibit Similar Intrinsic Membrane Properties
(A) Distribution of GFP+ cells in runners and SE animals at 4 weeks after RV-GFP injection. Broken line depicts GCL. Scale bar = 50 mm. (B) Action
potentials elicited in new cells in runners and SE animals. Scale bar = 200 ms, 10 mV. (C) Voltage responses in new cells born after running or SE
recorded in current-clamp mode at resting membrane potential (277.16 1.4 mV, n = 10, and279.06 1.8 mV, n = 8). Scale bar = 100 ms, 20 mV.
Recordings were performed 4.5–5 weeks after RV-GFP injection; 500 ms duration current steps with 15 pA increments in (B) and (C). (D1) Con-
focal images of cells in runners and SE animals. Scale bar = 10 mm. Cells expressing only GFP (not recorded) are indicated with arrowheads, and
GFP-expressing, recorded cells filled with biocytin are depicted by arrows. Merged images show coexpression of GFP and biocytin in recorded
cells. (D2) Granule cell visualized in a live hippocampal slice; (a) and (b) are overlaid in (c). Note GFP diffusion into recording pipette in (b) and (c).and SE animals in the numbers of GFP+ cells in the hip-
pocampal formation (257 6 53 versus 249 6 30). We
found hilar basal dendrites on 2 out of 37 new and 2
out of 23 mature granule cells in SE animals, but on no
cells in runners (n = 48).
Newly formed granule cells are functionally mature at
4 weeks, but continue maturation for up to 4 months,
which is reflected by lower membrane rise time constant
(tm) (van Praag et al., 2002). In order to support that
GFP2 cells were older than GFP+ ones, we analyzed
tm and found that GFP+ cells had lower tm than GFP2
cells (37.8 6 2.6 and 52.5 6 3.0 ms, respectively; p <
0.05, Student’s unpaired t test; tm values did not differ
between runners and SE animals). Adult-born granule
cells extend their dendrites well into the outer molecular
layer by 4 weeks of age, but the complexity of dendritic
branching continues to increase for several months
thereafter (van Praag et al., 2002). Higher numbers of
proximal branches of apical dendrites arised fromGFP2 cells compared with GFP+ cells after both SE
and running (SE: 0.78 6 0.16 versus 1.7 6 0.2; running:
0.726 0.18 versus 1.56 0.3, respectively; p < 0.05, Stu-
dent’s unpaired t test), but the number of apical den-
drites arising from the soma did not differ between
GFP+ and GFP2 cells after SE or running (SE: 1.4 6
0.1 versus 1.3 6 0.1; running: 1.2 6 0.1 versus 1.5 6
0.1, respectively). Our data therefore indicate that the
GFP+ cells were born later than the GFP2 cells.
We explored if the intrinsic membrane properties of
new neurons differed depending on whether they had
been formed in response to a physiological or patholog-
ical stimulus. Recordings from GFP+ and GFP2 cells re-
vealed no differences in any parameters between either
new or mature cells generated after running or SE (Table
1 and Figures 2B and 2C). The intrinsic membrane prop-
erties were similar in old and new cells (Table 1), and re-
sembled those of mature dentate granule cells (Table 1,
Figures 2B and 2C) (Scharfman, 1992). We found noTable 1. Intrinsic Membrane Properties of New and Mature Cells in the Dentate Granule Cell Layer
Group n
Resting membrane
potential (mV)
Input resistance
(MU)
Action potential
threshold (mV)
Action potential
half-width (ms)
New cells Runners 10(5) 277.1 6 1.4 411 6 36.7 235.4 6 2.2 1.67 6 0.13
SE 8(4) 279.0 6 1.8 347 6 46.0 235.6 6 1.5 1.72 6 0.08
Mature cells Runners 10(6) 282.2 6 1.6 320 6 42.6 234.6 6 2.7 1.53 6 0.10
SE 7(7) 283.4 6 0.4 302 6 36.7 237.2 6 3.1 1.37 6 0.11
Recordings were made from new (GFP+) and mature (GFP2) cells in animals subjected to SE or running at 4.5–5 weeks after RV-GFP injection.
n = number of recorded cells; number of animals is in parentheses. Values are means6 SEM. Comparisons between new cells and mature cells
revealed no significant differences; p > 0.05, Student’s unpaired t test.
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of spikes generated at action potential threshold
(GFP+: 1.1 6 0.1 versus 1.1 6 0.1 and GFP2: 2.1 6 0.5
versus 1.26 0.2 in SE animals and runners, respectively;
p > 0.05, Student’s unpaired t test).
Microscopical analysis confirmed colocalization of
GFP and biocytin in recorded new cells (Figures 2D1
and 2D2), whereas mature cells contained biocytin
only. Our data indicate that new cells developed intrinsic
membrane properties characteristic of dentate granule
cells, and that these properties were not influenced by
a pathological environment.
Cells Born into an Epileptic Environment Receive
Less Excitatory Synaptic Drive
Excitatory synaptic currents in new cells were recorded
while blocking GABAA receptors with picrotoxin (PTX).
Mean frequency of spontaneous excitatory postsynaptic
currents (sEPSCs) in new cells born after SE was about
66% lower as compared with that in new cells in runners;
in contrast, we detected no differences between mature
cells in runners and SE animals (Figure 3A). Cumulative
fraction analysis confirmed that sEPSCs occurred at lon-
ger interevent intervals (IEIs) at synapses on SE new cells
compared with running-generated new cells (Figures 3B
and 3C). This difference was maintained after blocking
APs with tetrodotoxin (TTX). The IEIs of sEPSCs at
synapses on mature cells were not different between
runners and SE animals. Mean amplitudes of sEPSCs
did not differ either between new or mature cells
(Figure 3D). However, sEPSCs in mature granule cells
from SE rats occurred at shorter IEIs and with higher am-
plitude than in those from untreated animals (Figures 3E
and 3F). In summary, our data indicate that excitatory
synaptic drive was attenuated on new cells born in an
epileptic environment.
Cells Born into an Epileptic Environment Exhibit
Increased Paired-Pulse Facilitation of Excitatory
Postsynaptic Currents
We analyzed whether excitatory synapses on new cells
in runners and SE animals differed with respect to short-
term plasticity. Delivering paired stimulations to the lat-
eral perforant path (LPP) induces paired-pulse facilita-
tion (PPF) of excitatory postsynaptic responses (Colino
and Malenka, 1993; McNaughton, 1980). PPF is a pre-
synaptic form of plasticity with an inverse relationship
to overall release probability (Pr) of glutamate (Debanne
et al., 1996; Murthy et al., 1997; Zucker and Stockbridge,
1983). We stimulated LPP and recorded EPSCs while
blocking GABAA receptors. PPF at synapses on new
cells was several-fold higher in SE animals than in run-
ners at both a 25 ms and 50 ms interstimulus interval
(ISI) (Figures 4A and 4D). Furthermore, overall PPF (com-
bined ISIs) was 3-fold higher in the new cells in SE ani-
mals as compared with runners (Figure 4A). In contrast,
the response at LPP synapses on mature cells did not
differ between SE animals and runners (Figure 4B). We
detected paired-pulse depression (PPD) in both groups,
whereas PPF of EPSCs was recorded from granule cells
in intact animals (Figures 4B and 4C). Taken together,
our data show that new cells in SE animals and runners
received functional excitatory inputs through LPP, butshort-term plasticity at these synapses was markedly
influenced by the epileptic environment.
Higher PPF of EPSCs in LPP synapses on new cells in
SE animals indicated lower overall Pr of glutamate (De-
banne et al., 1996; Murthy et al., 1997). To support this
hypothesis, we estimated the coefficient of variation
(CV) of first stimulation-evoked EPSC peak amplitudes
in the new cells (Berninger et al., 1999; Min et al., 1998).
A larger CV of EPSC amplitude is associated with lower
Pr and vice versa (Berninger et al., 1999). We found
a higher CV value for EPSCs in new cells formed follow-
ing SE as compared with ones formed after running, but
no difference in mature cells (Figure 4E). We then used
MK-801, an open-channel blocker for NMDA receptors;
the rate at which successive NMDA receptor-mediated
EPSCs are attenuated by MK-801 reflects the rate at
which released glutamate activates NMDA receptors
Figure 3. New Cells Born into an Epileptic Environment Receive
Less Excitatory Synaptic Drive
(A) Average frequency of sEPSCs in new and mature cells from run-
ners and SE animals. Frequency of sEPSCs was lower in new cells
born after SE than in those born after running (*p < 0.05, Student’s
unpaired t test, n = 7 and 6 cells, respectively), but similar in mature
cells in runners and SE animals (p > 0.05, n = 10 and 6 cells, respec-
tively). (B) Cumulative fraction curves of interevent intervals (IEIs) for
sEPSCs in new cells showing longer IEIs in cells born after SE com-
pared with those born after running (p < 0.05, K-S test). (C) Examples
of sEPSCs in cells born after running and SE. Note fewer sEPSCs in
traces from SE animals. Scale bar = 200 ms, 10 pA. (D) Average am-
plitude of sEPSCs in new and mature cells did not differ between
runners and SE animals (p > 0.05, Student’s unpaired t test). sEPSCs
in mature cells occurred with shorter IEIs (E) and higher amplitudes
(F) in SE animals than in untreated control rats (p < 0.05, K-S test; n =
6 and 7 cells, respectively). Recordings were performed 4.5–5 weeks
after RV-GFP injection. Data in bar graphs depict mean 6 SEM.
Synaptic Properties of New Neurons
1051Figure 4. Excitatory Synapses on New Cells Born into an Epileptic Environment Show Increased Paired-Pulse Facilitation of Excitatory Postsyn-
aptic Currents
Average PPF of evoked EPSCs in LPP synapses on new (A) and mature (B and C) cells in SE animals or runners, or in untreated animals (C), ex-
pressed as percent change of second EPSC compared with the first one. Recordings were made at 4.5–5.1 weeks after RV-GFP injection.
(A) Overall PPF (all ISIs combined), as well as PPF with 25 and 50 ms ISIs (*), was higher in cells born after SE than those born after running
(p < 0.05, one-way factorial ANOVA and Student’s unpaired t test, respectively; n = 6 and 9 cells, respectively). In contrast, PPF of EPSCs in
mature cells (B) was similar at all ISIs (p > 0.05, n = 8 and 7 cells, respectively). (C) PPF was reduced in mature granule cells of SE animals com-
pared with untreated animals (*p < 0.05, Student’s unpaired t test, n = 8 cells and 9 cells, respectively). (D) Traces of paired EPSCs in cells born
after running and SE at 50 ms ISI. Scale bar = 20 ms, 20 pA. (E) The coefficient of variation (CV) (S.D./mean) of EPSC amplitudes (first response of
the pair) at LPP synapses on new and mature cells. The coefficient was higher for EPSCs recorded in new cells from SE animals as compared with
those from runners (*p < 0.05, Student’s unpaired t test, n = 6 and 7 cells, respectively), but did not differ between mature cells of either group
(p > 0.05, n = 6 cells for each group). Data represent mean 6 SEM.(Hessler et al., 1993; Min et al., 1998; Rosenmund et al.,
1993). Therefore, MK-801’s blocking rate of NMDA
EPSCs is a measure of overall Pr of glutamate. Stimula-
tions to LPP in presence of MK-801 revealed slower
reduction in amplitude of NMDA receptor-mediated
EPSCs in new cells from SE animals (Figure 5A). Mean,
normalized EPSC amplitudes in SE animals plotted
against those in runners were all above the 45 line, indi-
cating that each successive stimulation caused larger
attenuation of NMDA-receptor-mediated EPSCs in run-
ners (Figure 5B). EPSCs elicited in presence of MK-801
had faster decay time than NMDA receptor-mediated re-
sponses before MK-801 addition (Figures 5C and 5D),
and identical kinetics were evident in all subsequent
responses, indicating stable, saturated concentration
of MK-801 during experiments. Our findings support
that LPP synapses on new cells in the epileptic environ-
ment exhibit lower overall Pr of glutamate.
Cells Born into an Epileptic Environment Receive
More Inhibitory Synaptic Drive
We next recorded sIPSCs while blocking glutamate re-
ceptors with NBQX and D-AP5. Mean sIPSC frequency
(Figure 6A) and amplitude (Figure 6B) in new cells did
not differ between those of runners and SE animals.
However, cumulative fraction analysis showed that
sIPSCs at synapses on new cells born into an epileptic
environment occurred at significantly shorter IEIs (Fig-
ures 6C–6E). In contrast, IEIs of sIPSCs in mature cells
were longer in SE animals (Figure 6F). Mean sIPSC am-
plitude in mature cells was higher after SE (Figure 6B),
and cumulative fraction analysis revealed such a differ-ence also at synapses on new cells (Figures 6G and 6H).
IEIs of IPSCs in mature cells from SE rats were longer,
and amplitudes were larger when compared with gran-
ule cells in untreated animals (Figures 6I and 6J).
Cumulative fraction analysis showed that TTX in-
duced a more pronounced shift toward longer IEIs of
IPSCs in new cells born after SE than those born after
running (Figures 7A and 7B). Thus, a larger proportion
of the inhibitory input to new cells in SE animals was
due to action potential activity in afferent GABAergic
neurons. Following TTX, there was a shift in the kinetics
of sIPSCs toward slower rise and decay times in cells
born after SE but not after running (Figures 7C and
7D); the amplitude of IPSCs recorded in the presence
of TTX was also smaller (p < 0.05, Kolmogorov-Smirnov
[K-S] test). Slower kinetics and lower amplitude of IPSCs
usually indicate activation of axo-dendritic synapses
distal to the recording pipette (in the cell soma), while
faster kinetics and higher amplitude of IPSCs are asso-
ciated with axo-somatic synapses located proximal to
the pipette (see, e.g., Wierenga and Wadman, 1999;
Kobayashi and Buckmaster, 2003). Our data suggest
that most of the action potential-dependent sIPSCs in
new cells of SE animals were generated at axo-somatic
synapses.
Cells Born into an Epileptic Environment Exhibit
Decreased Paired-Pulse Depression of Inhibitory
Postsynaptic Currents
We determined whether short-term plasticity at inhibi-
tory synapses on new cells differed between SE animals
and runners. We induced PPD of monosynaptic IPSCs in
Neuron
1052Figure 5. Lateral Perforant Path Synapses
on Cells Born into an Epileptic Environment
Exhibit Reduced Overall Release Probability
of Glutamate
(A) Amplitude decay and corresponding ex-
ponential fits (solid lines) of stimulation-in-
duced EPSCs in LPP synapses on GFP+ cells
in SE animals and runners after addition of
MK-801 (80 mM). Slower reduction in ampli-
tude of consecutive NMDA receptor-medi-
ated EPSCs was recorded in new cells in SE
animals as compared with those in runners
(p < 0.05, Student’s unpaired t test for decay
coefficients of individual exponential fits, n =
8 and 5, respectively). (B) Same cells as in (A),
with EPSC amplitudes of cells from SE ani-
mals plotted against those from runners dur-
ing MK-801 application. Virtually all points fall
above the 45 line, indicating that the ampli-
tude of consecutive EPSCs in cells in SE ani-
mals decayed with a slower rate compared
with those in runners. Traces demonstrate
examples of the progressive decay of ampli-
tudes of EPSCs recorded in a GFP+ cell
from a runner (C1) or SE animal (D1) after
MK-801 addition. The scaled responses (C2,
D2; same traces as in C1 and D1) demon-
strate the faster decay time of individual
EPSCs in the presence of, compared with before the application of, MK-801. Note that traces after MK-801 application have identical decay
time kinetics, indicating that the concentration of MK-801 was saturating and stable over time. Scale bar = 20 ms, 20 pA. Presented are averages
of two consecutive traces.granule cells by delivering paired stimulations to the
dentate molecular layer. The inhibitory synapses on
new cells in SE animals expressed reduced PPD of
IPSCs compared with synapses on new cells in runners,
as assessed with all ISIs combined and at 100 ms ISI
(Figures 8A and 8D). In contrast, PPD of IPSCs at inhib-
itory synapses on mature cells did not differ between SE
animals and runners or untreated controls (Figures 8B
and 8C).
We then assessed the CV of first stimulation-evoked
IPSC amplitudes. For cells formed after SE, the CV
was lower compared with that in new cells formed after
running, while the CV of IPSCs in mature cells did not
differ (Figure 8E). Together with increased frequency of
sIPSCs, these data suggest higher overall Pr at GABAer-
gic synapses on new cells formed in SE animals.
We studied the possible involvement of presynaptic
GABAB receptors using the agonist baclofen (Gloveli
et al., 2003; Wu and Leung, 1997). Baclofen caused
marked reduction of PPD of stimulation-evoked IPSCs
in cells from runners, but caused no change in SE-
generated cells (Figures 8F–8H). These data provide
evidence that decreased presynaptic GABAB receptor
expression or sensitivity at afferent synapses on cells
born into an epileptic environment causes a reduction
of PPD of IPSCs in these cells.
During early stages of postnatal development, activa-
tion of GABAA receptors depolarizes hippocampal neu-
rons (Leinekugel et al., 1999; Rivera et al., 1999). GABA
also depolarizes adult-born granule cells during the first
2 weeks of development, but becomes hyperpolarizing
around 3 weeks (Ge et al., 2006). Using perforated-patch
recordings, we found that GABAA receptor-mediated
IPSCs reversed at 268, 278, and 279 mV, respectively
(average 275 mV), in three new cells in SE animals(see Figure S1 in the Supplemental Data). This finding ar-
gues against IPSCs depolarizing new cells at the time
point studied here.
Taken together, our data show that short-term plastic-
ity at inhibitory synapses on new cells was clearly de-
pendent on whether the cells had been born into a path-
ological or physiological environment. New cells formed
after SE expressed less PPD of IPSCs, which, together
with the observed increased sIPSC frequency, would
stabilize elevated GABA release onto these neurons,
particularly during repeated activation as in seizures
(Buhl et al., 1996).
Discussion
Here we demonstrate that environmental conditions
confronting newborn neurons generated from neural
progenitors in the adult dentate gyrus affect their func-
tional synaptic connectivity. Neurogenesis was in-
creased by a physiological stimulus or a brain insult,
i.e., voluntary running or SE, respectively. New cells in
runners and SE animals exhibited many characteristics
of dentate granule cells and had similar intrinsic mem-
brane properties. In contrast, new neurons which had
developed in the physiological and pathological tissue
environments differed with respect to synaptic drive
and short-term plasticity of both excitatory and inhibi-
tory afferents.
The excitatory synaptic drive to the new neurons was
reduced in SE animals as compared with runners, re-
flected by reduced mean frequency of sEPSCs. This
difference was specific for new cells and was not ob-
served when comparing mature cells. In fact, previous
studies in kainate and pilocarpine epilepsy models
have shown increased frequency of sEPSCs in granule
Synaptic Properties of New Neurons
1053Figure 6. New Cells Born into an Epileptic Environment Receive
More Inhibitory Synaptic Drive
(A) Average frequency of sIPSCs in new and mature cells from run-
ners and SE animals 5.1–5.5 weeks after RV-GFP injection. (B) Aver-
age amplitude of sIPSCs in new and mature cells from runners and
SE animals. The amplitude in mature cells was larger in SE animals
than in runners (*p < 0.05, n = 10 and 7 cells, respectively), but was
similar in new cells born in both environments (p > 0.05, Student’s
unpaired t test, n = 9 and 8 cells, respectively). Data depict
mean 6 SEM. (C and D) Examples of sIPSCs in cells born after run-
ning and SE. The sIPSCs were blocked by PTX, confirming that they
were mediated by GABAA receptor activation. Note the larger, more
frequent sIPSCs in the cells from SE animals. Also note that the
sISPCs had two different characteristics: slow kinetics and lower
amplitude (dots), and fast kinetics and higher amplitude (arrow-cells (Simmons et al., 1997; Wuarin and Dudek, 2001),
which we also observed when comparing SE with un-
treated rats. Our data indicate that the lower excitatory
drive on new cells in SE animals was due to decreased
overall Pr of glutamate. First, the fluctuation of the
peak amplitude of the EPSC in response to LPP stimula-
tion, assessed using CV, was higher on new cells in the
epileptic environment. Second, the SE-generated new
neurons showed higher PPF of EPSCs evoked by LPP
stimulations. In contrast to the new cells, the LPP synap-
ses onto mature cells in SE animals and runners did not
differ with respect to CV or responses to paired stimula-
tions. We observed PPD of EPSCs in mature cells in SE
animals, but PPF in intact controls. Our findings are in
agreement with the work of Klapstein et al. (1999), and
more recently, the work of Scimemi et al. (2006), who
showed that LPP simulation elicited reduced or abol-
ished PPF of EPSCs in dentate granule cells after kin-
dling and SE, respectively. Third, the MK-801 experi-
ments showed slower blocking rates of consecutive
NMDA receptor-mediated EPSCs in new cells born in
the SE environment as compared with those generated
after running. Taken together, these data indicate that
excitatory synapses on the new cells responded in an
opposite way to the epileptic environment as compared
with those formed prior to SE, which seemed to exhibit
increased overall Pr of glutamate.
The new cells born into the epileptic environment
received increased inhibitory input. The frequency of
sIPSCs was higher in new cells in SE animals, whereas
we found lower frequency in mature cells, which agrees
with the reduced frequency of sIPSCs and mIPSCs ob-
served in granule cells in pilocarpine- and kainic acid-in-
duced epileptic rats (Kobayashi and Buckmaster, 2003;
Shao and Dudek, 2005). The elevated inhibitory drive on
new cells formed after SE was mostly due to increased
action potential activity in axo-somatic afferent fibers.
Three hypothetical mechanisms may explain why the
frequency of action potential-dependent IPSCs was
higher in new cells, but not in mature cells, in SE animals.
The new and mature cells could be innervated by sepa-
rate pools of interneurons with different frequencies of
action potential generation. Another possibility is that
the surrounding interneurons form more synapses on
the new cells. Finally, overall Pr could be higher at syn-
apses on new cells. The decreased CV of stimulation-
evoked IPSCs in new cells in SE animals suggests that
the changes are localized presynaptically, and probably
involve an increased overall Pr of GABA (Ivanova et al.,
2004). Seemingly in contradiction to this hypothesis,
the observed decrease of PPD of IPSCs indicated re-
duced Pr. The depression of the second IPSC during
paired, monosynaptic stimulations is predominantly
heads). Scale bar = 200 ms, 50 pA. Cumulative fraction curves of
IEIs (E, F, and I) and of amplitude (G, H, and J) for sIPSCs recorded
in new (E and G) and mature (F, H, I, and J) cells in SE animals and
runners, or in untreated animals (I and J). The IEIs were shorter in
new cells from SE animals compared with runners; however, the
opposite effect was observed when comparing the mature cells be-
tween the two groups (E and F). The amplitude in both new and ma-
ture cells was larger in SE animals than it was in runners (G and H).
Spontaneous IPSCs in mature granule cells occurred with longer
IEIs and higher amplitudes in SE rats compared with untreated
rats (I and J) (7 cells in each group). (E–J: p < 0.05, K-S test).
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GABA released by the first pulse (Davies et al., 1990;
Otis et al., 1993; Wu and Leung, 1997) (see, however,
Wilcox and Dichter, 1994). We hypothesized that the de-
creased PPD of IPSCs could result from reduced sensi-
tivity or expression of presynaptic GABAB receptors at
synapses on new cells in SE animals. Our finding of
marked suppression of PPD of IPSCs induced by baclo-
fen in new cells in runners, but not in SE animals, pro-
vides strong support for this hypothesis.
The amplitude of sIPSCs was higher in both new and
mature cells in SE animals as compared with runners
or intact animals, which could be explained by altered
GABAA receptor subunit composition and increased
sensitivity or upregulation of postsynaptic GABAA re-
ceptors. In support, GABAA receptors exhibit enhanced
efficacy following SE (Brooks-Kayal et al., 1998; Cohen
et al., 2003; Gibbs et al., 1997), and the number of post-
synaptic GABAA receptors is increased at the soma and
initial axon segment, resulting in larger IPSC amplitude
after kindling (Nusser et al., 1998).
The efficiency of GFP labeling with the retroviral vec-
tor used here is low, and labeling of a sufficient number
of cells for whole-cell patch-clamp recordings necessi-
tates stimulation of neurogenesis, e.g., by running (Es-
posito et al., 2005; van Praag et al., 2002). Therefore, it
was not feasible to obtain recordings from new cells in
naive animals and compare those with our findings in
runners and SE animals. As an internal control, we com-
pared recordings from mature GFP2 granule cells in SE
animals with those from cells in intact animals. The re-
Figure 7. New Cells Born into an Epileptic Environment Receive
More Axo-Somatic, Action Potential-Dependent Inhibition
Cumulative fraction curves of IEIs (A and B) and rise times (10%–
90%; C and D) of IPSCs in cells born after running (A and C) and
SE (B and D), before (‘‘aCSF’’) and after (‘‘+TTX’’) TTX application.
Exposure to TTX caused a significantly larger shift of the curve
toward longer IEIs in new cells in SE animals compared to the
TTX-induced shift in new cells from runners (p < 0.05, K-S test). Fur-
thermore, TTX addition shifted the curve toward longer rise times
in new cells in SE animals, but not in runners (p < 0.05, K-S test).
Recordings were performed 5.1–5.5 weeks after RV-GFP injection.sults regarding both excitatory and inhibitory synaptic
inputs were in agreement with previous reports (see,
e.g., Klapstein et al., 1999; Kobayashi and Buckmaster,
2003; Scimemi et al., 2006; Simmons et al., 1997; Wuarin
and Dudek, 2001). Because the emphasis of our study
was on the comparison between new granule cells
born under physiological versus pathological condi-
tions, running and SE provided appropriate models. In
the future, it will be important to also record from new
cells in naive animals, which will require more efficient
vectors similar to the one used by Zhao et al. (2006) for
morphological analysis.
The maturation of new dentate granule cells in the in-
tact adult brain occurs in distinct morphological (Zhao
et al., 2006) and electrophysiological (Ambrogini et al.,
2004; Esposito et al., 2005) stages. Recent evidence
from adult mice (Zhao et al., 2006) shows prolonged mor-
phological plasticity in dendritic spines of new neurons,
and shows that physiological stimulation of neurogene-
sis through running can lead to structural modifications.
These data are consistent with our findings revealing a
marked influence of environmental conditions on func-
tional properties of afferent synapses on new cells born
in the adult brain. Seizure activity, which persisted
long-term after the SE insult, can remodel synapses
(Wong, 2005; Zha et al., 2005) and induce production of
molecules which may change their functional properties
(Scharfman, 2005). However, the SE insult also altered
the environment encountering the new cells with respect
to the number of activated microglia and the occurence
of neuronal damage. These characteristics will conceiv-
ably create a milieu which promotes plastic changes. For
example, activated microglia secrete cytokines and
growth factors, such as TNF-a and BDNF, which can
modulate excitatory (Pickering et al., 2005) and inhibitory
(Henneberger et al., 2005) synaptic transmission and al-
ter dendritic spine morphology (Schratt et al., 2006; von
Bohlen und Halbach et al., 2005). Both TNF-a receptor
subtypes are expressed on hippocampal progenitor
cells (Iosif et al., 2006), and TNF-a mediates synaptic
scaling in the hippocampus (Stellwagen and Malenka,
2006).
Do the observed characteristics of new neurons
formed in the epileptic environment provide any evi-
dence as to whether neurogenesis restores or impairs
brain function after insults? The dentate gyrus acts as
a gate for seizure propagation from the entorhinal cortex
via the perforant path to the hippocampus, and changes
in granule cell excitability contribute to epilepsy devel-
opment (Behr et al., 1998; Sutula et al., 1986). New neu-
rons which migrate to the dentate hilus after SE may be
involved in recurrent seizure generation (Scharfman
et al., 2002). In contrast, the present data raise the pos-
sibility that the absolute majority of SE-generated new
neurons, which are located in the GCL, receive afferent
excitatory and inhibitory synaptic input favoring re-
duced overall excitability of the dentate gyrus. A sub-
stantial proportion of the mature cells in dentate GCL 6
months after SE are formed during the first two weeks
after the insult (Bonde et al., 2006). If the new neurons
generated after SE establish efferent connections with
the CA3 region, as has been shown for new neurons
formed in intact brains (Hastings and Gould, 1999; Mar-
kakis and Gage, 1999), and continue to exhibit reduced
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1055Figure 8. Paired-Pulse Depression of Inhibitory Postsynaptic Currents in New Cells Born into an Epileptic Environment Is Decreased and Insen-
sitive to GABAB Agonist Application
Average PPD of evoked monosynaptic IPSCs at GABAergic synapses on new (A) and mature (B and C) cells in SE animals (B and C) or runners (A
and B), or in untreated controls (C), expressed as percent change in the second IPSC compared with the first one. (A) Overall PPD of IPSCs (all
ISIs combined) and PPD at 100 ms ISI (*) were lower in cells born after SE than those following running (p < 0.05, one-way factorial ANOVA and
Student’s unpaired t test, respectively; n = 5 and 6 cells, respectively). (B) In contrast, PPD of IPSCs in mature cells did not differ between SE
animals and runners (p > 0.05, Student’s unpaired t test). (C) PPD of IPSCs was unchanged in mature granule cells of SE animals as compared
with cells in untreated rats (p > 0.05, n = 6 and 8 cells, respectively). (D) Traces of paired IPSCs in cells born after running and SE at 100 ms ISI.
Scale bar = 50 ms, 50 pA. (E) CV of the amplitudes of the first IPSC of each paired stimulation-induced response in new and mature cells. The
coefficient was lower in new cells born after SE compared with those born after running (*p < 0.05, Student’s unpaired t test, n = 5 and 6 cells,
respectively), but was similar in mature cells in SE animals and runners (p = 0.065, n = 6 and 7 cells, respectively). Recordings were performed at
5.6–6.2 weeks after RV-GFP injection. Application of GABAB receptor agonist baclofen (10 mM) caused a marked decrease in PPD (100 ms ISI) of
IPSCs at synapses on new cells in runners (F) (*p < 0.05), but caused no change in SE animals (G) (not significant, p > 0.05). Percent depression of
IPSCs in individual cells before (2BAC) and after (+BAC) addition of baclofen is represented by the connected points in the graph; mean values
are shown in bold (Student’s paired t test, n = 5 cells in both groups). (H) The change in PPD of IPSCs due to baclofen application (the absolute
change in percent depression was measured for each cell) was larger in runners compared with SE animals (*p < 0.05, Student’s unpaired t test).
Plots represent mean 6 SEM (A–C, E, and H).excitatory and increased inhibitory synaptic input, they
could have significant beneficial effects on the epileptic
syndrome by increasing the threshold for seizure prop-
agation through limbic circuitry. Suppression of neuro-
genesis, which has been reported in a severe form of
limbic epilepsy (Hattiangady et al., 2004), may aggravate
the condition.
Our study demonstrates that both a physiological
stimulus and an insult to the adult brain trigger the for-
mation of new dentate granule cells, which are function-
ally integrated into hippocampal neural circuitry. The
new neurons exhibit a high degree of plasticity in their
afferent synaptic inputs. Following insult, the functional
connectivity of new neurons seems to develop in order
to mitigate the dysfunction in the epileptic brain. These
data provide further evidence for a therapeutic potential
of endogenous neurogenesis.Experimental Procedures
Animal Groups, Status Epilepticus, and Running
Two hundred and twenty male Sprague-Dawley rats were subjected
to SE (n = 113) or voluntary wheel running (n = 95), or served as un-
treated controls (n = 12). Experimental procedures were approved
by the Malmo¨-Lund Ethical Committee. Animals subjected to SE
were anesthetized with halothane (1%–2%) or ketamine/xylazine
(90/16.9 mg/kg) and implanted unilaterally with a bipolar stainless
steel stimulating/recording electrode (Plastics One, Roanoke, VA)
in ventral hippocampal CA1-CA3 region (coordinates: 4.8 mm caudal
and 5.2 mm lateral to bregma, 6.3 mm ventral from dura, toothbar
at 23.3 mm) (Paxinos and Watson, 1997). Seven days later, two-
hour SE was induced by electrical stimulation as described previ-
ously (Lothman et al., 1989; Mohapel et al., 2004). Animals subjected
to voluntary running were placed in cages with one running wheel
(ScanBur, BK, Denmark) during 9–10 days (Naylor et al., 2005).
Separate animals were used for electrophysiology and morphologi-
cal analysis or EEG monitoring (during 3 min every week for 5 weeks).
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At 1 week after SE or running, rats were anesthetized and injected
unilaterally at two dorsal hippocampal sites (coordinates: 3.6 mm
caudal and 2.0 mm lateral to bregma, 2.8 ventral to dura; 4.4 mm
caudal and 3.0 mm lateral to bregma, 3.0 mm ventral to dura, tooth-
bar at23.3 mm) with 1.5 ml of retroviral pLNIT/GFP vector (van Praag
et al., 2002).
Slice Preparation
At 4.5 to 6.2 weeks after virus injection, animals were anesthetized
and decapitated. Brains were placed in ice-cold artificial cerebrospi-
nal fluid (aCSF; pH 7.2–7.4, 295–300 mOsm), containing sucrose (225
mM), KCl (2.5 mM), CaCl2 (0.5 mM), MgCl2 (7.0 mM), NaHCO3 (28
mM), NaH2PO4 (1.25 mM), glucose (7.0 mM), ascorbate (1.0 mM),
and pyruvate (3.0 mM). Transverse hippocampal slices (225 mm),
cut on a Vibratome (3000 Deluxe, Ted Pella, Inc, CA), were placed
in an incubation chamber with gassed (95% O2/5% CO2) aCSF con-
taining NaCl (119 mM), KCl (2.5 mM), MgSO4 (1.3 mM), CaCl2 (2.5
mM), NaHCO3 (26.2 mM), NaH2PO4 (1 mM), and glucose (11 mM),
and were allowed to rest for at least 1 hr.
Electrophysiological Recordings
Individual slices were placed in a submerged recording chamber
and constantly perfused with gassed aCSF at +32C–34C during
recordings of spontaneous and miniature postsynaptic currents
(to optimize event frequency for analysis) and APs, or with gassed
aCSF at room temperature during paired-pulse stimulation experi-
ments. GFP+ cells were visualized with fluorescence microscopy,
and infrared light in combination with differential interference con-
trast microscopy was used for visual approach and whole-cell
patch-clamp recordings. Recording pipettes (3–7 MU resistance,
295–300 mOsm, pH 7.2–7.4) contained K-gluconate (122.5 mM),
KCl (12.5 mM), KOH-HEPES (10.0 mM), KOH-EGTA (0.2 mM), MgATP
(2.0 mM), Na3GTP (0.3 mM), and NaCl (8.0 mM) (current-clamp re-
cordings of intrinsic properties, and voltage-clamp recordings of
sEPSCs and miniature excitatory postsynaptic currents [mEPSCs]);
Cs-gluconate (117.5 mM), CsCl (17.5 mM), NaCl (8.0 mM), CsOH-
HEPES (10.0 mM), CsOH-EGTA (0.2 mM), MgATP (2.0 mM), Na3GTP
(0.3 mM), and QX-314 (5.0 mM) (voltage-clamp recordings of stimu-
lation-evoked EPSCs); or CsCl (135.0 mM), CsOH (10.0 mM), CsOH-
EGTA (0.2 mM), Mg-ATP (2.0 mM), Na3-GTP (0.3 mM), NaCl (8.0 mM),
and QX-314 (5.0 mM) (voltage-clamp recordings of spontaneous,
miniature, and paired stimulation-evoked inhibitory postsynaptic
currents [sIPSCs, mIPSCs, and IPSCs, respectively]). EPSCs were
recorded with 100 mM PTX (Tocris) in aCSF to block GABAA receptor
activation. Evoked EPSCs were standardized to be between 70 and
120 pA, which was estimated to be a submaximal response ampli-
tude. During recordings of IPSCs, 50 mM D-AP5 and 5 mM NBQX
(Tocris) were added to the aCSF to block NMDA and non-NMDA re-
ceptors, respectively. One micromolar TTX was used to block APs.
One hundred micromolar PTX was used to block IPSCs at the end
of experiments. Biocytin was dissolved in the pipette solutions
(0.5%) for identification of recorded cells. Electrical stimulations
were performed with bipolar, stainless steel electrodes placed in
LPP for EPSCs, dentate molecular layer for PPD of IPSCs, and
GCL for perforated-patch recordings. The LPP was identified as de-
scribed (Kokaia et al., 1998; Min et al., 1998). The stimulating elec-
trode was placed in the outer third of the molecular layer while
recording field EPSPs (fEPSPs) in response to paired stimulations
of 50 ms ISI, which elicited PPF of fEPSPs, a characteristic feature
of LPP (Colino and Malenka, 1993; McNaughton, 1980). Moving re-
cording pipette to the middle third of the molecular layer elicited
PPF, but with reversed polarity of fEPSPs (Hanse and Gustafsson,
1992; McNaughton, 1980).
For MK-801 experiments, five to ten stimulations were delivered to
LPP to evoke non-NMDA receptor-mediated EPSCs of approxi-
mately 100 pA amplitude at a holding potential of 270 mV. Thereaf-
ter, non-NMDA receptor-mediated EPSCs were blocked by 10 mM
NBQX. Ten NMDA receptor-mediated EPSCs were then recorded
at a holding potential of +40 mV before stimulation was interrupted
for 8–10 min to wash in 80 mM MK-801 (Sigma) at a holding potential
of 270 mV. Stimulations were then resumed and EPSCs were re-
corded at +40 mV until response was completely blocked.For GABAB experiments, 20 paired stimulations were delivered to
molecular layer at 100 ms ISI and IPSCs were recorded at a holding
potential of270 mV. Eight minutes wash-in of ten micromolar baclo-
fen (Tocris) was followed by twenty paired stimulations. IPSCs were
blocked with PTX.
For perforated-patch recordings, the pipette solution consisted of
K-gluconate (154 mM), NaCl (9 mM), MgCl2 (1 mM), HEPES (10 mM),
and EGTA (0.2 mM), with gramicidin A (Sigma) freshly dissolved in
DMSO and diluted to 35 mg/ml. Series resistance of 50–80 MU was
accepted for perforated-patch whole-cell configuration. Stimula-
tions were delivered to GCL and IPSC reversal potential was as-
sessed by varying holding potentials between 2100 and 0 mV.
Data were filtered at 2.9 kHz and sampled at 10 kHz with patch-
clamp amplifier EPC9 (HEKA Electronik, Lambrecht, Germany) and
stored on a G4 Macintosh computer.
Analysis of Electrophysiological Data
Off-line analysis was carried out using IgorPro (version 5.02, Wave-
Metrics, Lake Oswego, OR), MiniAnalysis software (Synaptosoft
Inc., Decatur, GA), and FitMaster (version 2.05, HEKA Electronik,
Lambrecht, Germany). Recordings during which the whole-cell ac-
cess resistance varied more than 20% were excluded from analysis.
Input resistance was determined by the voltage response of the cell
to a constant 0.5 s current injection of 15 or 30 pA amplitude. Action
potential threshold was defined as the point where the fastest rising
phase of the AP started. Amplitude of the AP was defined as the dif-
ference between threshold and peak, and half-duration (half-width)
was defined as the width of the AP measured at half-maximal ampli-
tude. The CV was measured for amplitudes of first stimulation-
evoked EPSCs or IPSCs in all paired-pulse responses in each cell.
Stimulation-induced NMDA receptor-mediated decay rate was esti-
mated by a single exponential curve fit to all EPSCs recorded in each
cell in presence of MK-801. For GABAB experiments, percent de-
pression after drug addition was subtracted from initial percent de-
pression. For IPSC reversal potential experiments, current-voltage
relationship was plotted and reversal potential was the value at
which the potential curve crossed zero current.
Group differences in resting membrane potential, input resis-
tance, AP threshold, AP half-width, AP amplitude, paired-pulse re-
sponses, and CV were assessed with Student’s unpaired t test or
one-way factorial ANOVA using StatView software (version 5.0.1,
Abacus Concepts, Berkeley, CA). Frequency, amplitude, 10%–
90% rise times, and decay times of spontaneous and miniature post-
synaptic currents were analyzed using MiniAnalysis software and
compared between the groups with Student’s unpaired t test (n =
number of cells) and with cumulative probability curves combined
with K-S test (n = number of events). Events were automatically ac-
cepted for analysis in MiniAnalysis program if their magnitude was at
least 4.5 times higher than the average root-mean-square noise level
measured by the software. Values are means 6 SEM. Significant
difference is set at p < 0.05.
Microscopical Analysis and Cell Counting
Sections from electrophysiology experiments were fixed for 2–24 hr
in 4% paraformaldehyde immediately after recording and stored in
antifreeze medium at 220C. For double-staining of biocytin and
GFP, free-floating sections were preincubated for 1 hr in 5% serum
in 0.25% Triton X-100 KPBS (T-KPBS) (blocking solution) and ex-
posed to rabbit-anti-GFP primary antibody (1:10,000, Abcam) over-
night at room temperature. FITC-donkey-anti-rabbit secondary anti-
body and Cy3-streptavidin (1:200, Jackson Immunoresearch) were
added for 2 hr in the dark at room temperature. Sections were
mounted on glass slides and cover-slipped. The number of apical
and basal dendrites arising from soma, and proximal apical dendritic
branches within one cell diameter from soma, were quantified in bi-
ocytin-labeled cells. Colocalization of GFP and biocytin was vali-
dated with confocal microscopy. GFP+ cells were counted in every
seventh section throughout the hippocampal formation. Data are
presented as the sum of all counted cells per animal.
To characterize the tissue environments, rats received an over-
dose of pentobarbital (250 mg/kg i.p.) and were transcardially per-
fused with 100 ml ice-cold saline and 250 ml ice-cold paraformalde-
hyde (4% in 0.1 M PBS, pH = 7.4) at 1 or 5 weeks following running
and SE. Brains were postfixed for 24 hr and then dehydrated for
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105724 hr in 20% sucrose/0.1 M phosphate buffer. The brains were cut
in 30 mm sections. Three sections from each anterior hippocampus
(located at23.3 mm to24.1 mm, according to Paxinos and Watson,
1997) were processed. For Iba1/ED1 and S100b/GFAP double-stain-
ing, sections were preincubated for 1 hr in blocking solution and in-
cubated at +4C overnight in either rabbit-anti-GFAP (1:1000, DAKO,
Glostrup, Denmark) and mouse-anti-S100b (1:10,000, Sigma, Saint
Louis, MO) or mouse-anti-ED1 (1:200, Serotec Ltd., Oxford, UK)
and rabbit-anti-Iba1 (1:1000, Wako Chemicals, Neuss, Germany).
Sections were incubated for 2 hr in Cy3-conjugated donkey-anti-
rabbit and biotinylated horse-anti-mouse secondary antibodies
(1:200, Jackson ImmunoResearch, West Grove, PA), then incubated
for 2 hr in streptavidin-conjugated Alexa Fluor 488 (1:200, Molecular
Probes, The Netherlands), mounted, and cover-slipped. Sections
were rinsed in KPBS or T-KPBS between incubations. For Fluoro-
Jade (Histochem Inc., Jefferson, AR) staining, sections were
mounted with KPBS and allowed to dry overnight. Following
15 min pretreatment with 0.06% potassium permanganate, sections
were agitated for 30 min in 0.001% Fluoro-Jade in 0.1% acetic acid.
Sections were rinsed, dehydrated in ethanol, and immersed in
xylene before cover-slipping.
Cell counts and qualitative analysis of Fluoro-Jade staining were
performed using epifluorescence/light microscopy. Cells were
counted within the GCL and two cell diameters below in the SGZ.
Iba1/ED1 and S100b/GFAP double-labeling was validated with
confocal microscopy. An observer blind to treatment conditions
performed all analyses. Comparisons were made using one-way
ANOVA with subsequent Bonferroni-Dunn post-hoc test. Results
are means 6 SEM. Differences are considered significant at p <
0.05. Statistical analyses were conducted using StatView software.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/52/6/1047/DC1/.
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